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The human immunode®ciency virus type 1 (HIV-1)
Gag polyprotein binds most members of the cyclo-
philin family of peptidyl-prolyl isomerases. Of 15
known human cyclophilins, cyclophilin A (CypA) has
been the focus of investigation because it was detected
in HIV-1 virions. To determine whether CypA
promotes HIV-1 replication, we deleted the gene
encoding CypA (PPIA) in human CD4+ T cells by
homologous recombination. HIV-1 replication in
PPIA±/± cells was decreased and not inhibited further
by cyclosporin or gag mutations that disrupt Gag's
interaction with cyclophilins, indicating that no other
cyclophilin family members promote HIV-1 replica-
tion. The defective replication phenotype was speci®c
for wild-type HIV-1 since HIV-2/SIV isolates, as well
as HIV-1 bearing a gag mutation that confers cyclo-
sporin resistance, replicated the same in PPIA+/+ and
PPIA±/± cells. Stable re-expression of CypA in PPIA±/±

cells restored HIV-1 replication to an extent that
correlated with steady-state levels of CypA. Finally,
virions from PPIA±/± cells possessed no obvious bio-
chemical abnormalities but were less infectious than
virions from wild-type cells. These data formally
demonstrate that CypA regulates the infectivity of
HIV-1 virions.
Keywords: cyclophilin/cyclosporin/Gag/human
immunode®ciency virus/retrovirus

Introduction

Human immunode®ciency virus type 1 (HIV-1) gag
encodes proteins that play roles in practically every step
of the virus life cycle (Freed, 1998). The Gag polyprotein
orchestrates the formation and release of enveloped
virions from infected cells. Concurrent with budding of
nascent virions, the Gag polyprotein is cleaved by the viral
protease to produce, among other products, matrix, which
lines the virion envelope; capsid, which forms the virion
core; and nucleocapsid, which coats viral genomic RNA.
To initiate infection, the mature virion binds to cell surface
receptors on a susceptible target cell and fuses its
membrane with the cell's plasma membrane. A viral
ribonucleoprotein complex then enters the target cell
cytoplasm where gag-encoded proteins participate in
reverse transcription, nuclear transport and establishment
of the provirus.

Since viruses are obligate intracellular parasites, host±
cell factors might be required for any of the HIV-1 gag-
encoded functions mentioned above. Attempts to identify
these putative factors have revealed a number of Gag-
interacting proteins, including actin (Rey et al., 1996; Liu
et al., 1999; Wilk et al., 1999; Ott et al., 2000), ubiquitin
(Ott et al., 1998), calmodulin (Radding et al., 2000), the
motor protein KIF-4 (Tang et al., 1999), the nuclear
transporter karyopherin-a (Gallay et al., 1996; Agostini
et al., 2000), translation elongation factor 1-a (Cimarelli
and Luban, 1999), translation initiation factor 2 (Wilson
et al., 1999), the HO3 histidyl-tRNA synthetase (Lama and
Trono, 1998) and a human member of the trithorax/
polycomb group of proteins (Peytavi et al., 1999).
Convincing evidence that any of these factors are required
for HIV-1 replication has remained elusive. In contrast, it
is instructive to consider studies that exploited CD4-
negative or chemokine receptor-negative cells to demon-
strate that these cell surface proteins are required for viral
entry (Maddon et al., 1986; Feng et al., 1996). To date,
cells that do not express the Gag-binding factors have yet
to be identi®ed or generated.

In addition to the factors mentioned above, members of
the large family of proteins known as the cyclophilins
(Table I) were found to bind to HIV-1 Gag in one of the
®rst reported two-hybrid screens for a cDNA encoding an
interacting protein (Luban et al., 1993). Cyclophilins were
discovered originally because of their high af®nity for
cyclosporin (Handschumacher et al., 1984), an immuno-
suppressive drug used to prevent allograft rejection. The
clinical effect of the drug is not thought to result from
inhibition of a cyclophilin function. Instead, immunosup-
pression results when the cyclophilin±cyclosporin com-
plex binds and inhibits calcineurin (Friedman and
Weissman, 1991; Liu et al., 1991b), a calcium-dependent,
serine-threonine phosphatase required for transcriptional
activation of many cytokine genes in stimulated T cells.
Considering the immunosuppression associated with
HIV-1 infection, cyclophilins seemed intriguing Gag-
binding partners. Gag and cyclosporin were later found to
compete for the same binding site on cyclophilin (Gamble
et al., 1996; Braaten et al., 1997; Dorfman et al., 1997),
but the Gag±cyclophilin complex does not interact with
calcineurin (Luban et al., 1993).

Cyclophilins are de®ned by a conserved sequence of
~150 amino acids that form an eight-stranded b-barrel
with a hydrophobic pocket that serves as the binding site
for cyclosporin and HIV-1 Gag (Ke et al., 1991; Mikol
et al., 1993; Gamble et al., 1996). Some cyclophilins, such
as CypA, consist of just this core domain. In other cases,
the cyclophilin domain is embedded within a more
complex protein. Proteins containing a cyclophilin domain
have been implicated in a number of cellular processes,
including protein secretion, mitochondrial function, RNA
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processing and transcriptional regulation (Colgan et al.,
2000), but the exact biochemical function in cells of the
core cyclophilin domain is unknown. One function is,
presumably, the maintenance of proper protein conform-
ation, since cyclophilins catalyze the cis±trans intercon-
version of peptide bonds N-terminal to proline, an activity
that has been shown to stimulate the rate of refolding of
model proteins in vitro (Fischer et al., 1989; Takahashi
et al., 1989). It has been suspected, therefore, that
cyclophilins regulate the conformation of HIV-1 Gag
(Luban et al., 1993).

Following the discovery of the Gag±cyclophilin inter-
action, CypA in particular was found to be a constituent of
the HIV-1 virion (Franke et al., 1994; Thali et al., 1994).
Additional studies have attempted to provide evidence of a
functional role for CypA, either early in infection of
susceptible cells (Steinkasserer et al., 1995; Braaten et al.,
1996b; Sherry et al., 1998; Saphire et al., 1999) or in the
assembly of HIV-1 virions (Agresta and Carter, 1997;
Streblow et al., 1998; Bristow et al., 1999). These studies
relied largely on the use of mutations in gag or competitive
inhibitors such as cyclosporin to block the Gag±cyclo-
philin interaction; however, neither of these experimental
conditions abrogates the interaction completely and both
potentially can cause pleiotropic effects. A third con-
founding issue is the number and abundance of cyclo-
philins in mammalian cells; at present there are 15 known
human cyclophilins (Table I) and nearly all that have been
tested are capable of binding HIV-1 Gag (Luban et al.,
1993; Franke et al., 1994). Thus, it has not been possible to
determine conclusively which cyclophilin family mem-
bers, if any, promote HIV-1 replication.

As a means to address these issues, we produced PPIA±/±

Jurkat T-cell lines by homologous recombination. These
cell lines have enabled us formally to demonstrate that

CypA is required for wild-type replication kinetics of
HIV-1 and, more speci®cally, for the infectivity of HIV-1
virions. We also present data indicating that, with regard to
replication of HIV-1, none of the 14 other known
cyclophilins substitutes functionally for CypA in PPIA±/±

Jurkat cells.

Results

Gene targeting of PPIA by homologous
recombination
A cell line lacking PPIA expression would be an ideal
reagent with which to study the functional role of CypA
for HIV-1. Initially, we screened 10 cell lines and 40
primary tumors by northern blotting for the absence of
PPIA expression; none was found (data not shown). We
therefore set out to produce a PPIA±/± cell line.

Production of PPIA±/± cells proceeded ®rst by obtaining
genomic clones of the human PPIA locus, which was
complicated by the fact that multiple reverse transcribed
PPIA pseudogenes are present in the genome (Haendler
and Hofer, 1990). Two PCR primer sets, designed to
amplify distinct regions of the functional PPIA genomic
locus, were thus used to screen a human foreskin ®broblast
P1 phage library. Three P1 clones were obtained, one of
which was used for subsequent cloning and for ¯uores-
cence in situ hybridization (FISH) on metaphase spreads
of two human CD4+ T-cell lines to determine the PPIA
copy number (Braaten et al., 1996d). The Jurkat T-cell line
was determined to be diploid for PPIA, and the H9 T-cell
line tetraploid (data not shown). To produce PPIA±/± Jurkat
cells, then, two consecutive rounds of gene targeting
would be required.

The promoter and all but the last exon of both PPIA
alleles (~5 kb of contiguous genomic DNA) in Jurkat cells

Table I. The known human cyclophilins

Protein name Protein size Subcellular localization Binds to
HIV-1 Gaga

HUGO gene
name

GenBank accession Nos

CypA 18 kDa cytoplasm yes PPIA X52851 Y00052
CypB, SCYLP 18±20 kDa ER and secretory pathway yes PPIB M60857 M63573 M60457
CypC 18 kDa secretory pathway yes PPIC S71018
CypF, Cyp3 18±22 kDa mitochondrial inner membrane ND PPIF M80254
PPIL1, CypM 18 kDa cytoplasm ND PPIL1 AF090992
USA-CyP, Cyp20 20 kDa nucleus; human U4/U6 snRNP-associated

protein
ND USA-CYP AF016371

CypE, Cyp33A 40 kDa RNA-binding nuclear protein ND PPIE AF042385 AF104013
Cyp33B shorter isoform

of 33A
RNA-binding nuclear protein ND PPIE AF042386

Cyp40 40 kDa cytoplasm and nucleus; associated with
steroid receptors

yes PPID L11667 D63861

Serologically de®ned
colon cancer

50 kDa nucleus ND SDCCAG10 AF039692

antigen 10
Cyp60 60 kDa nucleus; interacts with the proteinase

inhibitor elgin C
yes PPIL2 U37219

KIAA0073, Hal539-CyP 60 kDa unknown ND KIAA0073 D38552
CARS-CyP, Clk-associating

RS cyclophilin
89 kDa associated with the nuclear matrix

and splicing factors
yes CYP U40763 X99717

NK-TRCyP 89 kDa associated with the nuclear matrix
and splicing factors

yes NKTR L04288

RAN-BP2, NUP-358 358 kDa associated with the nuclear pore,
cytoplasmic face

no RAN-BP2 L41840 D42063

aHIV-1 Gag binding to GST fusions with CypA, B or C as previously described (Franke et al., 1994); identical methods were used to determine
binding to GST fusions with the cyclophilin domains from Cyp40, 60, CARS, NK-TR and RAN-BP2/NUP-358. ND, not determined.
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was deleted by homologous recombination using two
targeting plasmids encoding different selectable markers
(Figure 1A). Five PPIA+/± and two PPIA±/± clones were
produced at a targeting ef®ciency of ~1 in 350 drug-
resistant cultures. The recombinant clones were screened
by Southern blot hybridization with a PPIA locus-speci®c
probe (Figure 1B) and by western blotting total cell lysates
probed with a polyclonal antibody raised against CypA
(Figure 1C). These experiments demonstrated that homo-
logous recombination had occurred speci®cally at the
functional PPIA gene and that CypA-null cell lines had
been produced.

Initially, the growth rate of PPIA+/± and PPIA±/± cell
lines was compared with that of PPIA+/+ cells by
measuring incorporation of [3H]thymidine; no differences

were observed (data not shown). The cell lines were also
compared for cell surface expression of CD4 and CXCR4,
which are required for both attachment and entry of HIV-1
into Jurkat T cells; again, no signi®cant differences were
observed between the cell lines in these assays (data not
shown).

Decreased replication of HIV-1 in PPIA±/± Jurkat
T cells
We next compared the PPIA+/+, PPIA+/± and PPIA±/± cell
lines for replication of HIV-1NL4-3 (Figure 2A). In PPIA+/+

and PPIA+/± cells, replication of HIV-1NL4-3 was the same,
with the onset of exponential kinetics by day 3 and the
peak of virus production at day 9; since the relative amount
of CypA was similar in the two cell lines (Figure 1C), we
had expected the kinetic pro®les to be the same. In contrast
to PPIA+/+ and PPIA+/± cells, in PPIA±/± cells the onset of
exponential growth of HIV-1NL4-3 was signi®cantly
delayed, by between 4 and 5 days (Figure 2A).

To determine whether decreased HIV-1 replication in
PPIA±/± cells was peculiar to the laboratory-adapted viral
strain HIV-1NL4-3, we tested HIV-1Eli, an isolate that was
cloned directly from peripheral blood mononuclear cells
of an infected individual (Peden et al., 1991). Replication
of HIV-1Eli in PPIA±/± cells was, if anything, even more
decreased than that of HIV-1NL4-3 (Figure 2B).

The observation that reverse transcriptase activity
eventually accumulated to wild-type level in the medium

Fig. 1. Gene targeting of the PPIA locus by homologous recombin-
ation. (A) Strategy for deleting all but the ®fth exon of both copies of
PPIA in Jurkat T cells by two consecutive rounds of gene targeting.
Linearized targeting plasmids are shown above and below a schematic
of the genomic locus. `Neo', neomycin (G418) resistance gene;
`Hygro', hygromycin resistance gene; S, SacI; X, XbaI. (B) Southern
blot hybridization of PPIA+/+, PPIA+/± and PPIA±/± cell lines; total
cellular DNAs were digested with both SacI and XbaI and probed with
the 5¢ probe (shown in A). (C) Western blot of total cell lysates from
PPIA+/+, PPIA+/± and PPIA±/± cell lines, probed with polyclonal anti-
actin and anti-CypA antibodies.

Fig. 2. HIV-1 replication is decreased in PPIA±/± Jurkat T cells.
(A) Replication of HIV-1NL4-3 in PPIA+/+ (®lled circles), PPIA+/±

(shaded triangles) and PPIA±/± (open squares) cell lines, demonstrating
delayed kinetics in PPIA±/± cells. (B) Replication of HIV-1Eli in
PPIA+/+ (®lled circles) and PPIA±/± (open squares) cell lines,
demonstrating an even greater defect in replication than HIV-1NL4-3.
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of PPIA±/± cells infected with HIV-1NL4-3 could be
explained by the appearance of a viral clone bearing a
gain-of-function mutation resulting in replication that is
independent of CypA. Such `CypA-independent' mutants
of HIV-1 have in fact been selected by serial passage of
HIV-1 in the presence of a competitive inhibitor of the
Gag±cyclophilin interaction (Aberham et al., 1996;
Braaten et al., 1996a). To test this possibility, samples
of virus taken from the peak of infection of PPIA+/+

and PPIA±/± cells (days 9 and 14, respectively) with
HIV-1NL4-3 were used to infect fresh PPIA+/+ and PPIA±/±

cells; the replication kinetics in the re-infection were the
same as in the initial experiment (data not shown). In
addition, RT±PCR sequencing of the region of gag that
encodes residues required for binding to (Gamble et al.,
1996) and which determines the functional dependence on
(Aberham et al., 1996; Braaten et al., 1996a) CypA was
performed on virion RNA isolated from the peak of
infection. No mutations were observed (data not shown).
Thus, neither re-initiated infections nor the results of
RT±PCR sequencing indicated that virus had been
produced with a gain-of-function mutation.

Replication of HIV-1NL4-3/A224E and HIV-2/SIVSM is
not defective in PPIA±/± cells
A possible explanation for the decreased replication of
HIV-1 in the PPIA±/± Jurkat clones is that the cells are non-
permissive for replication of any virus, irrespective of the
viruses' functional reliance on CypA. To rule out this
possibility, we tested PPIA±/± cells for replication of
HIV-1NL4-3/A224E, one of the CypA-independent HIV-1
mutants that was selected by serial passage of virus in the
presence of an analog of cyclosporin (Aberham et al.,
1996; Braaten et al., 1996a). HIV-1NL4-3/A224E replicated
very similarly in both PPIA±/± and PPIA+/+ cells
(Figure 3A). We also tested PPIA±/± cells for replication
of HIV-277618, HIV-2GB122, HIV-27312A and SIVSMpbj1.9

(Dewhurst et al., 1990; Owen et al., 1998), viruses related
to HIV-1 but that have no known functional interaction
with cyclophilins (Franke et al., 1994; Thali et al., 1994;
Braaten et al., 1996c). All of the HIV-2/SIVSM viruses
replicated the same in PPIA±/± and PPIA+/+ cells
(Figure 3B and C; data not shown). These data demon-
strating that the PPIA±/± Jurkat clones are fully permissive
for the replication of viruses closely related to wild-type
HIV-1 are consistent with the interpretation that the
reduced replication seen for HIV-1 is a speci®c conse-
quence of the engineered mutation.

Replication of HIV-1 in PPIA±/± cells is not inhibited
further by conditions that abrogate the
Gag±cyclophilin interaction
Given our ®nding that CypA regulates but is not essential
for replication of HIV-1NL4-3, and given that many
cyclophilin family members bind to Gag (Table I)
(Luban et al., 1993; Franke et al., 1994), it was possible
that cyclophilins other than CypA might promote HIV-1
replication in the PPIA±/± Jurkat cells. Cyclosporin, an
immunosuppressive compound with high af®nity for the
hydrophobic pocket of most cyclophilins, competitively
inhibits HIV-1 Gag binding to cyclophilin family members
(Luban et al., 1993; Franke et al., 1994; Rosenwirth et al.,
1994; Thali et al., 1994; Steinkasserer et al., 1995; Braaten

et al., 1996b, 1997; Franke and Luban, 1996), thereby
effectively inhibiting HIV-1 replication. Thus, to deter-
mine whether HIV-1 replication in PPIA±/± cells is
dependent upon other cyclophilin family members, we
compared PPIA±/± and PPIA+/+ cells for replication of
HIV-1NL4-3 in the presence of methyl-Ile4-cyclosporin, an
even more effective inhibitor of HIV-1 replication than the
parent compound cyclosporin (Rosenwirth et al., 1994;
Thali et al., 1994; Franke and Luban, 1996). In PPIA+/+

cells, 2.5 mM methyl-Ile4-cyclosporin inhibited replica-
tion of HIV-1NL4-3 between 100- and 1000-fold compared
with no drug (Figure 4A); under the same conditions,
replication of HIV-2 was unaffected by the drug
(Figure 4B), consistent with what has been published
previously (Thali et al., 1994). In contrast, in PPIA±/± cells,
2.5 mM methyl-Ile4-cyclosporin inhibited replication of
HIV-1NL4-3 <10-fold compared with no drug (Figure 4C)
and, as in PPIA+/+ cells, replication of HIV-2 was
unaffected by the drug (Figure 4D). Importantly, the
magnitude and kinetics of HIV-1 replication in the
presence of 2.5 mM methyl-Ile4-cyclosporin were very
similar in PPIA+/+ and PPIA±/± cells (compare Figure 4A
and C).

In addition to abrogation by competitive inhibitor,
interaction between HIV-1 Gag and cyclophilin family
members is signi®cantly diminished by particular gag
mutations, e.g. G221A and P222A (Franke et al., 1994;
Braaten et al., 1996b, 1997). Viruses bearing these
mutations, HIV-1NL4-3/G221A and HIV-1NL4-3/P222A,
would thus be predicted to replicate poorly, but any
replication capacity that they exhibited would be cyclo-
philin independent. If these viruses are independent of
cyclophilins, their replication should be the same in

Fig. 3. The decreased replication phenotype in PPIA±/± Jurkat T cells
is speci®c to wild-type HIV-1. Replication of HIV-1NL4-3/A224E (A),
HIV-2GB122 (B), HIV-277618 (C) or HIV-1NL4-3/P222A (D) is nearly the
same in PPIA+/+ (®lled circles) and PPIA±/± cells (open squares),
indicating that replication of these viruses is independent of CypA.
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PPIA+/+ and PPIA±/± cells. These predictions were
con®rmed, as replication of HIV-1NL4-3/G221A and
HIV-1NL4-3/P222A in PPIA+/+ cells was similar to that of
wild-type HIV-1NL4-3 in PPIA±/± cells, but abrogated no
further in PPIA±/± cells (Figure 3D and data not shown).

Taken together, the results with methyl-Ile4-cyclo-
sporin and with the gag mutant viruses are consistent with
the conclusion that no cyclophilins other than CypA
promote HIV-1 replication.

Rescue of HIV-1 replication kinetics in PPIA±/± cells
by re-introduction of CypA
If the absence of CypA expression is the sole cause of the
defective replication of HIV-1 in PPIA±/± Jurkat cells, re-
expression of CypA in the cells should restore the
replication kinetics to wild type. To test this, PPIA±/±

cells were transfected with a CypA expression plasmid,
and cell lines expressing CypA were derived by limit-
dilution cloning; western blot analysis con®rmed the
presence of CypA in individual clones (Figure 5A). The
clones were screened for replication of HIV-2 to eliminate
those with general defects unrelated to CypA; three clones
not defective in this assay were then tested for replication
of HIV-1. Compared with the parent PPIA±/± cells,
clones re-expressing CypA demonstrated faster replication
kinetics of HIV-1NL4-3 (Figure 5B); similar results were
obtained with HIV-1Eli as well as with another set of
clones re-expressing CypA that had been generated with
the second of the two PPIA±/± cell lines (data not shown).
Importantly, the degree to which the replication kinetics

was restored to wild type correlated with the level of CypA
expression in the individual clones.

HIV-1 virions produced by PPIA±/± cells are less
infectious than virions from PPIA+/+ cells
Previous work has demonstrated that conditions which
block CypA binding to Gag, such as treating infected cells
with cyclosporin or creating speci®c point mutations in
gag, render virions defective at an early step of the viral
life cycle before the start of reverse transcription (Braaten
et al., 1996b). These studies found no defects in the RNA
or protein content, or in endogenous reverse transcriptase
activity, of CypA-de®cient virions (Braaten et al., 1996b;
Grattinger et al., 1999). We performed metabolic labeling
and pulse±chase analysis of HIV-1 proteins produced by
PPIA+/+ and PPIA±/± cells and observed no signi®cant
differences between the cell lines in terms of Gag
translation ef®ciency, protein stability or polyprotein
processing (data not shown). In addition, we analyzed,
by western blotting, protein constituents of virions (e.g.
capsid, matrix, Nef and gp160/120) produced by PPIA±/±

cells and, except for the absence of CypA, detected no
differences from virions produced by PPIA+/+ cells.

We next measured the relative infectivity of virions
produced by PPIA±/± cells in a single round of infection.
Wild-type and `CypA-null' virions were harvested from
cultures of PPIA+/+ cells and two PPIA±/± clones after 6
and 10 days, respectively, of infection with wild-type
HIV-1NL4-3. Similarly, a stock of HIV-1NL4-3/G221A was

Fig. 4. HIV-1 replication in PPIA±/± cells is insensitive to a competitive
inhibitor of the Gag±cyclophilin interaction. Effect of methyl-Ile4-
cyclosporin on replication of HIV-1NL4-3 (A) and HIV-277618 (B) in
PPIA+/+ cells. Effect of methyl-Ile4-cyclosporin on replication of
HIV-1NL4-3 (C) and HIV-277618 (D) in PPIA±/± cells. No drug (®lled
symbols), 1.25 mM (shaded symbols) and 2.5 mM (open symbols)
methyl-Ile4-cyclosporin.

Fig. 5. HIV-1 replication kinetics depend on the level of CypA
expression. (A) Western blot of total cell lysates showing the relative
level of CypA in the cell lines. (B) Replication of HIV-1NL4-3 in
PPIA+/+ cells (®lled circles), in three cell lines derived from PPIA±/±

cells stably re-expressing CypA (shaded symbols) and in PPIA±/± cells
(open squares). Higher CypA expression levels correlate with more
rapid replication kinetics.
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produced from PPIA+/+ cells; this virus bears one of the
gag mutations that signi®cantly reduces binding to and
virion incorporation of CypA. All virions produced from
the PPIA+/+ and PPIA±/± infections were puri®ed and
normalized by exogenous reverse transcriptase assay.
GHOST cells (Morner et al., 1999), a CD4+/CCR5+/
CXCR4+ human osteosarcoma cell line containing an
LTR-gfp reporter gene, were infected with the virus stocks
and then processed either for the presence of reverse
transcriptase products by real-time PCR (12 h post-
infection) or for expression of green ¯uorescent protein
(GFP) by ¯ow cytometry (48 h post-infection).

Both full-length viral cDNA (indicative of completion
of reverse transcription) and 2-LTR circles (indicative of
nuclear translocation of the pre-integration complex) were
measured by real-time PCR. As a percentage of product

measured for wild-type HIV-1NL4-3 produced in PPIA+/+

cells, both full-length cDNA and 2-LTR circles for wild-
type HIV-1NL4-3 produced in the two PPIA±/± cell lines
were signi®cantly reduced (Figure 6A). The apparent
difference in magnitude seen in virus produced by the two
PPIA±/± clones appears not to be a ®xed property of the cell
lines, as experimental variation in this range was observed.
As expected from previous work (Braaten et al., 1996b),
full-length cDNA and 2-LTR circles were reduced for
HIV-1NL4-3/G221A as well (Figure 6A).

The GHOST cells were also screened by ¯ow cytometry
for expression of GFP, which, in these cells, is indicative
of HIV-1 integration. Relative to the 40% GFP-positive
cells for wild-type HIV-1NL4-3 produced in PPIA+/+ cells
(Figure 6B), the number of GFP-positive cells for wild-
type HIV-1NL4-3 produced in the two PPIA±/± cell lines was
between 4- and 10-fold lower (the same difference as
that for 2-LTR circles), similar to the percentage of
GFP-positive cells for HIV-1NL4-3/G221A produced in
PPIA+/+ cells. These results indicate that virions produced
by PPIA±/± cells are defective at some early step of the
virus life cycle before, or concurrent with, reverse
transcription.

Discussion

We have produced PPIA±/± cell lines by homologous
recombination in the widely used Jurkat T-cell line. As
reagents for studying the biology of HIV-1, these cells
have enabled us to address several issues concerning the
role of cyclophilins in the replication of HIV-1.

CypA is required for wild-type HIV-1 replication
kinetics
Since we were unable to identify CypA-null conditions
with which to study HIV-1 replication, demonstration of
the functional relevance of CypA necessitated the gener-
ation of PPIA±/± cells by homologous recombination in a
human T-cell line. Our targeting ef®ciency was low, but
within the range previously reported for somatic cell
targeting with non-isogenic DNA (Sedivy et al., 1999).
Once the PPIA±/± cells were generated, HIV-1 replication
was then rescued with a CypA expression plasmid; this
`rescue experiment', in which CypA was formally proven
to be a determinant of HIV-1 replication kinetics, is
analagous in outline to studies proving that CD4 and
chemokine receptors are essential viral entry factors
(Maddon et al., 1986; Feng et al., 1996). Other than the
host N-myristoyltransferase, a protein that catalyzes a co-
translational modi®cation required for Gag polyprotein
targeting to the inner face of the plasma membrane
(GoÈttlinger et al., 1989; Bryant and Ratner, 1990), CypA is
perhaps the ®rst Gag-associated host factor that has been
clearly demonstrated to play a signi®cant role in HIV-1
replication.

Replication of primary isolate HIV-1Eli was found to be
even more decreased in PPIA±/± cells than was replication
of the laboratory-adapted strain HIV-1NL4-3. This suggests
the intriguing possibility that primary isolates of HIV-1 as
a group are more functionally dependent on CypA than
are laboratory-adapted strains, which in turn may be
indicative of a greater importance of CypA for HIV-1
replication kinetics in vivo than in vitro. This would not be

Fig. 6. Virions produced from PPIA±/± cells are less infectious than
those produced from PPIA+/+ cells. Virus stocks (wild-type HIV-1NL4-3

and HIV-1NL4-3/G221A) were produced in either PPIA+/+ or PPIA±/± cells
(as indicated) and used to infect equal numbers of GHOST cells.
(A) Low molecular weight DNA was isolated 12 h post-infection. Real-
time PCR was performed to quantitate full-length viral cDNA and
2-LTR circles. The relative levels of products (percentage of wild-type
signal) are shown. (B) The percentage of GFP+ cells (of total cells) was
determined by ¯ow cytometry 48 h post-infection.
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unprecedented since a number of HIV-1 factors appear
more important in vivo than in tissue culture. As but one
example, vpr is selected against in tissue culture but
selected for in vivo (Goh et al., 1998). As is the case with
vpr, Gag's interaction with CypA might also contribute
indirectly to viral replication in vivo via effects on antiviral
immunity, although the studies here do not address this
possibility.

CypA regulates HIV-1 virion infectivity
We have detected no signi®cant biochemical abnormal-
ities in virions produced from the PPIA±/± cells. These
results are in keeping with previous studies in which the
Gag±cyclophilin interaction was disrupted using gag
mutations or cyclosporin (Franke et al., 1994; Thali
et al., 1994; Braaten et al., 1996b; Saphire et al., 1999).
We have also con®rmed that virions produced by PPIA±/±

cells are defective at an early stage of the virus life cycle.
These data do not, however, pinpoint exactly where CypA
is acting. Virions produced under conditions that block the
Gag±CypA interaction exhibit normal endogenous reverse
transcriptase activity in vitro (Braaten et al., 1996b), yet it
is still possible that virion-associated CypA directly
modi®es the reverse transcription machinery in a manner
that is only evident during entry into a susceptible target
cell. Virion-associated CypA might be required during the
process of virion uncoating (Luban, 1996), or for virion
binding or fusion to target cells (Saphire et al., 1999). In
addition, the data do not rule out the possibility that the
defect observed before the start of reverse transcription is a
consequence of CypA de®ciency during the preceding
virion assembly process.

HIV-1 Gag is one of a small group of proteins that have
been shown to bind CypA. These proteins include Hsp90
(Nadeau et al., 1993), the transcription factor YY1 (Yang
et al., 1995), the antioxidant protein Aop1 (Jaschke et al.,
1998) and members of the Sin3±Rpd3 histone deacetylase
complex (Arevalo-Rodriguez et al., 2000). Whether
peptidyl-prolyl bonds in Gag or any of these proteins
undergo functionally signi®cant, CypA-dependent isomer-
ization is unknown. Unfortunately, genetic analysis of this
question has provided no simple answer in that all mutants
disruptive of CypA's peptidyl-prolyl isomerase activity
also disrupt Gag-binding activity (Braaten et al., 1997;
Dorfman et al., 1997). Deciphering the biochemical role of
CypA in HIV-1 replication may simply require a detailed
understanding of the conformational changes undergone
by gag-encoded proteins from the point of translation until
viral entry.

Other cyclophilin family members do not
substitute for CypA in promoting HIV-1 replication
The availability of PPIA±/± cell lines has also provided the
opportunity to assess the contribution to HIV-1 replication
of cyclophilin family members other than CypA. Based on
the conservation of amino acid residues shown to be
required for CypA binding to cyclosporin (Zydowsky
et al., 1992), most of the other cyclophilins would be
expected to have the same relative af®nity for cyclosporin,
and thus would be blocked by the drug from binding to
HIV-1 Gag. Thus, if one of these cyclophilins were
capable of substituting functionally for CypA, replication
of HIV-1 in PPIA±/± cells should be signi®cantly inhibited

in the presence of methyl-Ile4-cyclosporin, as it is in
PPIA+/+ cells. However, it is not, which indicates that no
other cyclophilin substitutes for CypA in HIV-1 replica-
tion. Consistent with this conclusion is our ®nding that
HIV-1NL4-3/G221A and HIV-1NL4-3/P222A, viruses bearing
mutations that disrupt Gag binding to all cyclophilins,
replicate as well as wild-type virus in PPIA±/± cells.

A few of the known human cyclophilins, Cyp40, Cyp60,
CARS-CyP and NK-TRCyP (Table I), lack a tryptophan
corresponding to Trp121 of CypA and thus would possibly
be less sensitive to cyclosporin and its analogs (Liu and
Walsh, 1990; Bossard et al., 1991; Liu et al., 1991a;
Zydowsky et al., 1992); consequently, one of these
cyclophilins might interact with HIV-1 Gag in the
presence of the drugs. Even if this does occur, the
replication data presented here demonstrate that such a
cyclophilin is not functionally equivalent to CypA.

CypA is not essential for viability of human
T cells
Finally, despite being present at micromolar concentra-
tions (Koletsky et al., 1986), CypA is not essential for
viability or growth of the human T-cell lines described
here. Similar results have been obtained with disruption of
CypA homologs in bacteria, budding yeast, Neurospora
and mouse (Tropschug et al., 1989; Herrler et al., 1994;
Colgan et al., 2000). CypA thus appears to be universally
dispensable for protein folding in cells, perhaps due to
functional redundancy with other cyclophilin family
members or other protein families that exhibit peptidyl-
prolyl isomerase activity, such as the FK-binding proteins
and parvulins (Heitman, 1997). The viability of a yeast
strain harboring null mutations in all eight cyclophilin
genes and in all four FK-binding protein genes argues
against the latter explanation (Dolinski et al., 1997). Our
studies do not address whether CypA is required for more
specialized functions such as cytokine production or
antigen processing.

The fact that CypA is not essential for Jurkat T cells, and
that HIV-1 replication kinetics appear to be modulated by
CypA expression levels (Figure 5), has important clinical
implications. Perhaps analogously to the case of the D32
allele of the HIV co-receptor CCR5 (Liu et al., 1996),
alleles of PPIA that result in low or no expression of CypA
might be compatible with life, and might protect indi-
viduals who carry them from HIV-1 transmission or from
progression to AIDS. Our ®ndings also suggest that CypA
is a viable cellular target for novel anti-HIV-1 thera-
peutics.

Materials and methods

Targeting constructs
Primers were designed to amplify across PPIA (Haendler and Hofer,
1990) exons 3 and 4 (5¢-GCTCTGAGCACTGGAGAGAAAGGATT-
TGG-3¢ and 5¢-CACCAGTGCCATTATGGCGTGTGAAGTC-3¢) and a
region 5¢ of the core promoter (5¢-GGAATGCGGACGCAAGG-
CTGCTC-3¢ and 5¢-GGAATTCGCAAAACGGCACGAGCCTGGCC-
TCC-3¢). These primers were used to screen a human foreskin ®broblast,
P1 phage library (Genome Systems, St Louis, MO). Three P1 clones were
obtained from the screen, each with ~80±90 kb of contiguous genomic
DNA inclusive of the PPIA locus. One clone (Genome Systems control
#4149) was used for constructing the `Neo' and `Hygro' targeting
plasmids (Figure 1).
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Gene targeting by homologous recombination
Linearized targeting constructs were electroporated into 107 Jurkat cells
(ATCC #TIB 152), and grown in RPMI with 10% fetal bovine serum
(FBS) and penicillin/streptomycin. Two rounds of electroporation and
selection were required to obtain PPIA±/± cells. PPIA+/+ cells were
electroporated with the Neo construct, followed by selection in G418
(700 mg/ml), to produce PPIA+/± cell lines; PPIA+/± clones were
electroporated with the Hygro targeting construct, followed by selection
in both hygromycin (400 mg/ml) and G418 (700 mg/ml), to produce
PPIA±/± cell lines. After a given electroporation, cells were allowed to
recover for 36 h in fresh medium and then viable cells were aliquoted in
medium plus antibiotics into 96-well, round bottom plates (Nunc) at a
concentration of cells that would result in cultures growing in 30% (or
less) of wells of a given 96-well plate. Replica plates of cultures were
stored at ±70°C in RPMI with 20% FBS, penicillin/streptomycin and 10%
dimethylsulfoxide (DMSO; Sigma).

Stable cell lines re-expressing CypA were derived from limit-dilution
cloning in 1.5 mg/ml puromycin (Sigma) of PPIA±/± cells electroporated
with the linearized plasmids pEF1aCypA (10 mg) and pPGK-puromycin
(2 mg).

Southern blot hybridization
Drug-resistant clones were screened for homologous recombination by
Southern blot hybridization of total cellular DNAs made directly in 96-
well plates. Cell cultures were centrifuged (500 r.p.m.) for 2 min, washed
with phosphate-buffered saline (PBS) and lysed in 50 ml of 10 mM NaCl,
10 mM Tris pH 7.5, 20 mM EDTA, 0.5% sarcosyl and 1 mg/ml freshly
added proteinase K; the 96-well plates were then placed at 50°C for 18 h.
DNAs were precipitated by adding 15 ml of 5 M NaCl and 100 ml of
absolute ethanol per well; the precipitates were pelleted by centrifugation
at 4000 r.p.m. for 15 min, washed three times with 70% ethanol and then
air-dried. Digestion cocktail [40 ml per well of 50 mM potassium acetate,
20 mM Tris-acetate pH 7.9, 10 mM magnesium acetate, 1 mM
dithiothreitol (DTT), 0.1 mM spermidine, 10 U of XbaI and 10 U of
SacI] was added and the plates were incubated at 37°C for 18±24 h.
Digested DNAs were separated in 0.7% agarose gels and then transferred
to a Genescreen Plus membrane (NEN). Membranes were incubated with
a probe speci®c for the PPIA locus but not contained within either
targeting plasmid. The probe was labeled by random hexamer primer
synthesis (Megaprime labeling kit, Amersham). Hybridizing fragments
were visualized by a PhosphorImager (Molecular Dynamics).

Virology
Virus stocks for infections were produced in 293T cells [grown in
Dulbecco's modi®ed Eagle's medium (DMEM)/F12, 10% FBS and
penicillin/streptomycin] by transient transfection (Braaten et al., 1996b)
of the following supercoiled proviral DNAs: HIV-1NL4-3 (Adachi et al.,
1986), HIV-1NL4-3/A224E (Aberham et al., 1996; Braaten et al., 1996a),
HIV-1NL4-3/P222A, HIV-1NL4-3/G221A (Franke et al., 1994; Braaten et al.,
1996b) and HIV-1Eli (Peden et al., 1991). Virus stocks from PPIA+/+ and
PPIA±/± cells were collected at the peak of infection for each cell line and
puri®ed by ultracentrafugation, as described (Braaten et al., 1996b). All
virus stocks were normalized by exogenous reverse transcriptase assay
(Braaten et al., 1996b). Stocks of primary isolates HIV-277618,
HIV-2GB122, HIV-27312A (Owen et al., 1998) and SIVSMpbj1.9

(Dewhurst et al., 1990) were normalized for p27 by enzyme-linked
immunosorbent assay (ELISA). Infections of Jurkat cells were initiated
either by incubation of cells with virus stocks or by transfection of
proviral DNA into cells with DEAE±dextran, as described (Braaten et al.,
1996c). Replication kinetics of all viruses were monitored by exogenous
reverse transcriptase assay (Braaten et al., 1996b). Drug inhibition studies
were performed as previously described (Franke and Luban, 1996).

Single-round infectivity assays
GHOST cells (NIH AIDS Research & Reference Reagent Program,
Catalog #3943) were incubated with virus stocks for 2 h, as described
(Braaten et al., 1996b), and then infections were allowed to proceed for
the times indicated. Low molecular weight DNA preps were made (Hirt,
1967), and real-time PCR was performed for full-length viral cDNA and
2-LTR circles (Cimarelli et al., 2000). To detect GFP expression, 48 h
post-infection GHOST cells were trypsinized, washed with PBS,
resuspended in 2% paraformaldehyde and then incubated at 4°C for
24 h. The number of GFP-positive cells was measured by ¯ow cytometry
(FACScalibur, Becton Dickinson).

Antibodies and western blot analysis
Proteins were separated in 12% SDS±polyacrylamide gels and then
transferred to PVDF membranes (NEN Life Sciences). The membranes
were incubated with anti-CyPA (Af®nity Bioreagents) and anti-actin
(Sigma) primary antibodies and secondary horseradish peroxidase-
coupled anti-rabbit Ig antibody (Promega). The secondary antibody was
visualized with a luminol reagent (Renaissanceâ, from Dupont NEN).
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